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Localization of glutamine accumulation and tubular reabsorp-
tion in rat nephron. Glutamine accumulation in rat kidney was
investigated by giving large loads of glutamate and aspartate and
measuring glutamine changes in seven completely defined por-
tions of the nephron and in small patches from the thin limb area
and from the papilla. Both glutamate and aspartate (which is
partly coverted to glutamate) caused increases up to sixfold in
glutamine, which were mainly confined to the proximal straight
tubule. Plasma glutaminc is minimally affected. In contrast, large
glutamine loads doubled plasma glutamine and caused about a
doubling of glutamine concentrations in all parts of the nephron,
but resulted in no greater change in the proximal straight tubule
than elsewhere. Simultaneous inulin and glutamine measure-
ments make it seem likely that the proximal convoluted tubule is
a major site of glutamine reabsorption. The low glutamine con-
centrations in these cells (only 40% higher than that in plasma)
indicate a very small gradient at the antiluminal surface. We sug-
gest that the proximal straight tubule is the major site of gluta-
mine synthesis but that it may not be an important site of gluta-
mine breakdown.
Localisation de l'accumulation et de Ia reabsorption tubulaire de
glutamine dans le nephron du rat. L'accumulation de glutamine
dans le rein du rat a été étudiée en donnant des charges impor-
tantes de glutamine et d'aspartate et en mesurant les modifica-
tions de Ia glutamine dans sept portions complètement définies
du néphron et dans des petits échantillons de Ia zone de l'anse
gréle et de Ia papille. Le glutamate et aussi l'aspartate (qui est
partiellement converti en glutamate) déterminent une augmenta-
tion de Ia glutamine, qui atteint jusqu'à six fois, principalement
localisée a Ia partie droite du tube proximal. La glutamine
plasmatique n'est que peu affectée. Au contraire, des charges de
glutamine importantes doublent Ia concentration plasmatique et
ddterminent un doublement des concentrations de glutamine
dans tous les segments de néphron, sans que le tube proximal
droit se distingue des autres segments. Les determinations si-
multanées d'inuline et de glutamine niontrent que, vraisemb-
lablement, le tube contourné proximal est un site majeur de rCab-
sorption de glutamine. La concentration faible de glutamine dans
ces cellules (supéneure de seulement 40% a celle du plasma) in-
dique un trés petit gradient a Ia face antiluminale. II est suggéré
que le tube proximal droit est le site essentiel de synthése de
glutamine mais qu'il puisse ne pas être un site important du ca-
tabolisme de Ia glutamine.
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In the rat, the kidney is the site of both glutamine
synthesis and degradation. The kidney deaminates
glutamine from muscle and liver [1] when ammo-
nium ions are needed to aid in eliminating hydrogen
ions, whereas, at least in the rat, it contributes
glutamine to the blood stream at other times [21.
This paper provides evidence that the proximal
straight tubule may be a significant site of glutamine
formation. Yet, judging from glutaminase distribu-
tion [31, this is the site where deamination is slow-
est. This raises the possibility that synthesis and
deamination of glutamine may occur in different
parts of the nephron.
The approach has been to give large loads of
glutamate or aspartate, both of which increase in-
tracellular glutamate concentrations in the proximal
tubule [41, and then to observe what changes may
occur in glutamine concentration in different parts
of the nephron. In an effort to distinguish glutamine
changes due to synthesis from those that might re-
sult from influx from the blood, we determined the
effect of large glutamine loads on the distribution of
this amino acid along the nephron. This also adds
information concerning glutamine reabsorption
from the glomerular filtrate.
Methods
Animals. Male Sprague-Dawley rats (Zivic-Mill-
er, Inc.) weighing 350 to 450 g (ages, 80 to 90 days)
were used. They were fed Purina Chow®. Sixteen
to twenty hours before the experiments, they were
given an i.p. injection of trypan blue (0.1 mg/g),
which is taken up by the proximal convoluted tu-
bules [5] and aids in their identification.
Loading with amino acids and inulin. The ani-
mals were given subthreshold, threshold, or above-
threshold loads of aspartate or glutamate, or equally
large glutamine loads (which, however, did not ex-
ceed the renal threshold). The rats were also given
inulin as a glomerular filtrate marker. Each sub-
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stance was given by a series of extravascular injec-
tions according to schedules and sites of injection
found by preliminary trials to give nearly constant
plasma concentrations for each substance for the
10- to 15-mm period prior to kidney removal.
The amino acids were injected in a total volume of
30 mI/kg. One third of the aspartate was injected i.p.
at zero time, a second third was injected s.c. at 15
mm, and the final third was injected s.c. at 25 mm.
Control animals received saline on the same sched-
ule. In the case of glutamate and glutamine, the
third injection was omitted. Twenty minutes prior
to the first amino acid injection, inulin was given (10
mllkg of 10% solution in isotonic saline) and was
also incorporated at 5% concentration in the next
two injection volumes. Inulin was solubilized in the
saline by heating [31. Kidneys were removed and
frozen 40 mm after the first amino acid injection.
Plasma and kidney samples. Blood samples
taken from the tip of the tail were collected in hep-
arinized tubes, and the plasma was separated.
Rats were briefly etherized (45 to 60 see). Kid-
neys were removed and frozen within 1 sec in freon-
12 (CCI2F2) chilled to its freezing point (— 160° C) in
liquid nitrogen. The frozen tissue was stored at
—60° C.
The technique for isolating and weighing small,
identified, freeze-dried samples has been described
in general [61 and specifically as applied to segments
of the nephron [4]. Parts of the nephron in freeze-
dried microtome slices were identified as previously
described [3, 4]. The early and late proximal con-
voluted tubules were distinguished by dark or light
blue staining with trypan blue, respectively. Proxi-
mal straight tubules from the medullary ray were
regarded as early; those from the outer strip of the
outer medulla as late, although some of the latter
may have been early portions of juxtamedullary
straight segments. Distal straight tubules were from
the inner strip of outer medulla. Distal convoluted
tubules were identified by their natural brown color
and their position near the glomerulus. Patches con-
taining thin segments of the ioop of Henle were dis-
sected from the inner strip of the outer medulla.
Patches containing mainly collecting ducts were
from the inner zone of the medulla (papilla).
Analytical methods. Enzymes were obtained
from Sigma Chemical Co., Boehringer Mannheim
Corp., and Calbiochem. Most of the biochemicals
were from Sigma. Inulin was from Calbiochem.
The analyses were made with methods based on
specific enzyme reactions which finally result in
oxidation or reduction of pyridine nucleotides. Usu-
ally with larger samples (containing 0.5 nmoles or
more of the substances to be measured), the ulti-
mate increase or decrease in fluorescence of NADH
or NADPH was measured directly in a volume of 1
ml in a filter fluorometer (Farrand). With smaller
samples, initial steps were carried out in small aque-
ous droplets in oil wells [7], and sensitivity was am-
plified by enzymatic cycling [6]. Oil wells were used
for the analyses of individual nehprons and for
some of the analyses of plasma samples when
amino acid concentrations were low. An improved
cycling method was used for NAD [8].
Analyses on segments of freeze-dried nehprons.
Essentially the same procedures were used as pre-
viously described for aspartate [4], glutamate [41,
glutamine [9], and inulin[3]. In more than half the
cases, glutamine and glutamate were measured in
the same individual samples.
For studies with glutamine loads, glutamine and
inulin were assayed in the same individual samples.
These were initially placed in 0.15 jsl of 5 m hy-
drochloric acid. Standard mixtures contained 0.15
1 of Ito 8 M glutamine and 10 to 80 M fructose,
also in 5 m hydrochloric acid. After heating at 50°
C for 20 mm to destroy endogenous enzymes, a
O.O5-s1 aliquot was removed for inulin analysis.
The remaining volume, 0.1 d, was analyzed for
glutamine. Stronger acid and higher temperature
were needed for inulin hydrolysis. This was
achieved by adding 0.3 j.1 of 25 m hydrochloric
acid and heating 25 mm at 95° C. The analysis was
continued as described previously [3, 9]. except for
appropriate changes in reagent volumes.
Analyses of plasma. Amino acid analyses were
made on plasma extracts prepared at 0° C with 5 to 7
volumes of 0.4 M perchloric acid and brought to pH
6.5 to 7 with potassium bicarbonate. Inulin was
measured in unneutralized extracts. Aspartate,
glutamate, and inulin [4] were determined as de-
scribed before. The method was similar to that used
for tissues. Details of the glutamine method may be
useful to those needing a method in the 0.5 to 10
nanomole range.
Step 1. Glutamate is removed as follows: To 50
jl of a glutamate reagent (50 mrvi Tris acetate buffer
fpll, 8.4], 0.3 mivi adenosine diphosphate (ADP), 1
mM NAD, 0.02% bovine plasma albumin, and 75
g/ml of glutamic dehydrogenase [E.C.1.4.1.2, pig
liver]) are added 5 jsl of neutralized extract: this is
incubated 30 mm at 30° C.
Step 2. NADH is destroyed and the reaction
stopped by the addition of 8 pl of 0.5 N hydro-
chloric acid.












Fig. 1. Normal distribution ofaspartate (asp), glutamate (glu), and glutamine (gin) along
the nephron. The averages of 3 to 10 rats are shown (±sEM) as percentage of the peak
concentrations, which were 19, 34, and 11 mmoles/kg (dry wt) for aspartate, glutamate, and
glutamine, respectively. For each portion of the nephron, 4 to 16 samples from the same rat
were analyzed for the individual amino acids. Glutamate and aspartate data are from Chan et
al [4]. Abbreviations are G, glomerulus; PCT, proximal convoluted tubule (stained dark
blue) near glomerulus; PCT1,, proximal convoluted tubule (stained light blue) further from
glomerulus; PSTE, proximal straight tubule from medullary ray; PSTL., proximal straight
tubule from outer stripe of outer medulla; TI.., thin limb area from inner stripe; DST, distal
straight tubule from inner stripe; DCT, distal convoluted tubule near glomerulus; PAP, pa-
pilla area from inner medulla. (In this and Figs. 2, 4, and 5, points have been connected for
better visualization. This does not imply a gradual transition from one segment to the next.)
Step 3. After 15 mm at 20 to 25 C, 60 s1 of gluta-
mine reagent (100 m sodium acetate buffer [pH,
4.9], 0.4 mM ethylenediaminetetraacetate (EDTA),
0.1% bovine plasma albumin, and 0.75 U/mI glu-
taminase [E.C.3.5.1.2, E. coli)]) are added and in-
cubated 30 mm at room temperature.
Step 4. One milliliter of a second glutamate re-
agent is added to each tube. This consists of 40 mi
Tris acetate buffer (pH, 8.7), 0.2 mi ADP, and 0.6
mM NADt
Step 5. After an initial reading of fluorescence, 6
1 of 1% glutamic dehydrogenase are added, and
the fluorescence is read again after completion (usu-
ally 15 mm).
Standards consist of 5 tl of simulated perchloric
acid extract (neutralized) containing 0.2 to 0.5 mM
glutamine. Blanks of the same extract are also in-
cluded.
Results
Normal distribution of aspartate, glutamate, and
gluramine along the nephron. As a background, the
normal distributions of the three amino acids are
presented (Fig. 1). Glutamate and aspartate tend to
parallel each other, except in the glomerulus where
aspartate is relatively high and in the proximal con-
voluted tubule where glutamate predominates. Both
acids are especially low in the proximal straight tu-
bule. Glutamine, however, does not parallel either
aspartate or glutamate. Note particularly that the
glutamine-to-glutamate ratio is seven- or eightfold
higher in the proximal straight tubule than it is in the
convoluted portion.
Effects of' glutamate loads on distribution of
glutamate and glutaniine along the nephron. It was
shown earlier that the administration of glutamate
loads of increasing magnitude cause glutamate to
accumulate progressively in the nephron, first in the
proximal convoluted tubule, then in the early por-
tion of the proximal straight tubule (curve "3 mM,"
Fig. 2a) and finally as the renal threshold is ex-
ceeded in all parts of the nephron ("4 mx," Fig.
2a). The reabsorbed glutamate is partially convert-
ed to aspartate, as was shown by large increases in
the latter in the same parts of the proximal tubule
where glutamate accumulates [41.
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Fig. 2.EfJec'r of large glutamate loads on glutamate (panel a) and glutamine (panel b) dis-
tribution along the nephron. Peak concentrations were 122 mmo!es/kg for glutamate and
58 mmoles/kg for glutamine. Control curves (Ct) are averages (±sEM) for three to five ani-
mals. The other two curves each represent one animal which received a glutamate load of
either 3 mmoles/kg. 3 mrvi," or 4 mmoles/kg. "4 mvt." Each point on these curves
represents the average for 4 to 14 samples SEM. Other abbreviations are as in Fig. I except
for omission of T for tubular segments. Plasma glutamate concentrations were 0.07 001
m, and 2.63 m. and 2.55 m for the controls. "3 mrvi," and "4 m" animals, respec-
tively. Plasma glutamine concentrations were 0.67 0.02 m and 0.65 mM, respective-
ly, for the controls and the "3 m' animal. Plasma glutamine was not measured for the
"4mM" animal, but the average (±5EM) for four rats treated identically was 0.80 0.02
The glutamate loads also cause an increase in re-
nal glutamine, but in contrast to aspartate, glutamine
accumulation is almost confined to the proximal
straight segments, where increases of nearly sixfold
can be observed (Fig. 2b). The maximal changes in
the proximal straight tubule are nearly 10 times
greater than they are in any other part of the neph-
ron, including the proximal convolted tubule.
Additional experiments similar to this were per-
formed on eight animals in which different increases
in plasma glutamate were induced with different
sized loads of glutamate or aspartate. (Aspartate
causes large increases in plasma glutamate 11] pre-
sumably by conversion in the liver.) The changes in
tissue glutamine and glutamate are presented only
for the proximal tubule because glutamine changes
elsewhere were minimal. The difference between
convoluted and straight proximal tubules in regard
to accumulation of glutamine and glutamate is clear-
ly shown by plotting one amino acid against the oth-
er (Fig. 3). In the straight protions (PSTE, PSTL),
glutamine and glutamate rose in approximately 2:1
relationship up to glutamate concentrations of 20
mmoles/kg (dry weight), after which glutamine
tended to level off at four to six times control con-
centrations. In the convoluted portions (PCTE,
PSTL), glutamine increases were much smaller, and
at high glutamate concentrations, they were scat-
tered around a value no higher than that of control
levels in the straight segment. The large increases in
glutamine in the proximal straight tubule occurred
with usually little or no increase in plasma gluta-
mine (see legend to Fig. 3).
Effect of glutamine loads: Glutamine reab-
sorption. Glutamine is extremely efficiently reab-
sorbed from the nephron. Pilkington, Young, and
Pitts 110] were unable to exceed the renal threshold
in the dog with plasma glutamine concentrations up
to about 10 m. Higher concentrations caused re-
duction in glomerular filtration rate and urinary
flow. In the present experiments, loads of 12 to 15
mmoles/kg, with plasma concentrations up to 7 mrvi
(10 times normal), caused only slight increases in
urinary glutamine, less than 1% of the estimated
amounts filtered. (Higher doses usually produced
anuria, although urine was obtained in one case af-
ter a 40 mmole/kg load, with plasma concentrations
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Fig. 3. Relation of glutamine (GLN) to glutamate (GLLI) in different parts of the proximal
tubule when tissue concentrations were raised by increasing plasma glutamate. The plasma
glutamate concentration increases were induced by giving I to 4 mmoles/kg of either
glutamate or aspartate (not distinguished on the graph). Control points (ct) are averages
for 3 to 0 animals. Other points represent single animals. Multiple samples were analyzed
in each case. Both glutamate and glutamine were measured in each of these samples. Plasma
glutamate concentrations ranged from 0.07 mi in controls up to 2.6 m with highest glu-
tamate loads and up to 0.7 m with highest aspartate loads. Plasma glutamine concentra-
tion, which was much higher than glutamate to begin with (av. 0.67 mM), was changed only
slightly (the highest concentration after a load was 0.9 mM). The upper two lines indicate
the boundaries for all the values in the proximal straight portions ( PST"). The lower two
lines embrace all the values for the proximal convoluted portions (' PCT"). Abbreviations
are defined in Fig. 1.
was only 4 m, i.e., even in this case almost all the
filtered glutamine was reabsorbed.) This very high
reabsorptive efficiency is not true for glutamate,
which has a distinct threshold in rats at plasma con-
centrations of about 1.3 mM, caused by loads of 2.5
to 3 mmoles/kg [4].
Information about the location and nature of
glutamine reabsorption was sought by analyzing the
different nephron segments after giving glutamine
loads (4 mmoles/kg) combined with a marker of gb-
merular filtrate, inulin. These loads produced a dou-
bling of plasma glutamine and about a doubling of
glutamine in all parts of the nephron (Fig. 4). The
individual inulin values (in combination with the fig-
ures for the increase in plasma glutamine) permitted
calculation of the local increase in glutamine that
would have occurred if none of the extra filtered
glutamine had been reabsorbed. The difference be-
tween a value calculated for no reabsorption and an
actual glutamine value provides a minimum figure
for any reabsorption that has taken place proximal
to the site of the sample (see example of calculation
in Fig. 4 legend). This is only a minimum figure be-
cause any extra glutamine that may have accumu-
lated in the cells of the sample would reduce the
difference (or erase it). According to this reasoning,
it is seen from Fig. 4 that a great deal of glutamine
had been reabsorbed before reaching the distal
straight tubule, and that part of this at least had
been reabsorbed in the proximal convoluted tubule.
The figure also shows that some glutamine accumu-
lates in the cells of the late proximal straight tubule,
but it does not tell whether this came from the lu-
men or the antiluminal side.
It may seem surprising that in the proximal
straight tubule the "calculated" glutamine concen-
tration is higher in the early than it is in the late
portion; i.e., that there was more inulin in the early
portion, This was seen before [4] and probably
means that the filtrate is not concentrated much fur-
ther in the proximal straight tubule and/or that the
lumen may be smaller in the late than in the early
portion.
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Fig. 4. Glutamine (GLN) in successive segments qf the nephron after a 4-mmole/kg gluta-
mine load. Controls received saline. Data are for at least three animals SEM (4 to 15
samples of each segment from each animal were analyzed. Abbreviations are defined in
Fig, I. The calculated (caic) curve represents the glutamine concentration that would be
expected after the glutamine load if none of the additional filtered glutamine had been
reabsorbed or accumulated in the cells [4]. For example, in a given sample, the ratio of
tissue inulin concentration (dry wt basis) to plasma concentration (vol. basis) was 20:1.
The plasma glutamine concentration had been increased 0.6 mmole/liter by the load (0.67
to 1.34 mM). Therefore, the amount of extra glutamine, if not reabsorbed, would be
20 x 0.6 = 12 mmoles/kg (dry wt). This added to the control value for that type of segment
would give the "caic" value.
distributed and are much smaller in the proximal
straight tubule than those produced by comparable
loads of glutamate, even though glutamine loads
caused much greater increases in plasma glutamine
(cf. Figs. 2b and 4).
The changes in proximal tubule glutamine after
giving glutamine are also minor compared to
changes in glutamate or aspartate after giving simi-
lar amounts of those acids [4]. Compare, for ex-
ample, the increases of over 100 mmoles/kg in gluta-
mate in proximal tubule segments in Fig. 3 with the
3 to 13 mmoles/kg increases in glutamine in the
proximal segments in Fig. 4 (glutamine load).
Glutamate and aspartate after glutamine loads.
Although glutamate loads cause large localized in-
creases in glutamine, the reverse is not true.
Enough glutamine to double the plasma concentra-
tion caused no substantial change in glutamate any-
where in the nephron (Fig. 5). There was either very
little increase in conversion of glutamine to gluta-
mate or the extra glutamate did not accumulate.
Similarly, glutamine administration probably
does not cause major increases in renal aspartate.
Concentrations of aspartate in four gross regions
(outer cortex, inner cortex, inner stripe, and pa-
pilla) were not significantly changed by glutamine
loads up to 4 mmoles/kg (data not shown).
Discussion
Glutamine reabsorption. It is generally agreed
that amino acids are reabsorbed from the glomeru-
lar filtrate in the proximal tubule, especially the
convoluted portion [10—12]. The data on glutamine
distribution in the nephron after glutamine loads
(Fig. 4) show that this amino acid is no exception. It
must be reabsorbed, at least to some extent, in the
proximal tubule, because the rise in glutamine in the
late convoluted and early straight proximal seg-
ments was only about half that expected (from the
inulin content) if none of the filtered glutamine had
been reabsorbed. Whether the reabsorbed gluta-
mine is passed back to the blood stream or metabo-
lized or both is of course not settled by this experi-
ment. Judging, however, from results with gluta-
mate loads, if all the extra filtered glutamine (from
the 0.6 m increase in plasma glutamine) had been
converted to glutamate in the proximal tubule, one
would expect the glutamate concentration to














double, whereas no increase occurred (Fig. 5). This
reasoning is based on the fact that when plasma
glutamate is increased by the same amount (0.6
mM), all of the filtered glutamate is reabsorbed, and
glutamate concentrations in the proximal con-
voluted tubules are doubled 4j. Another reason to
doubt that a large fraction of the reabsorbed gluta-
mine is metabolized is that in the normal (non-
acidotic) rat kidney there is no significant arteriove-
nous difference in either plasma or blood glutamine
jjl3].
If the reabsorption of glutamine from the gb-
merular filtrate occurs in the same cells that reab-
sorb glutamate and aspartate, there is one important
difference in the reabsorptive process: a much
smaller gradient between reabsorbing cells and
plasma is maintained in the case of glutamine. Data
for the late portion of the proximal convoluted tu-
bule (PCTL) illustrate this difference. Normal
plasma concentrations for glutamate and glutamine
are 0.07 and 0.7 m, respectively. (Note from this
that normally the tubules must reabsorb 10 times as
much filtered glutamine as glutamate.) Normal
glutamate and glutamine concentrations in PCTL are
about 6 and 0.9 mmoles/liter of water, respectively
(Fig. 3, assuming a 75% water content). Thus, the
normal gradient from tubule back to the plasma is
about 85:1 for glutamate and only 1.4:1 for gluta-
mine. With a glutamate load sufficient to raise the
plasma glutamate to the normal glutamine concen-
tration (i.e., 0.7 mM), the gradient is still very high,
21:0.7 = 30:1 (calculated from Ref. 4). In sharp con-
trast, after doubling the normal plasma glutamine
concentration by means of glutamine loads, the av-
erage PCTL-to-plasma ratio remains at the same low
figure (1.8:1.3 = 1.4:1). Perhaps of more signifi-
cance than these ratios are the absolute gradients
from tubule to plasma, which are about 20 mmoles/
liter and 0.5 mmoles!liter, respectively, for gluta-
mate and glutamine during reabsorption of com-
parable amounts of amino acid. The tubule-to-
plasma glutamine gradient is about threefold greater
in proximal straight tubule than it is in the late con-
voluted segment, and the absolute gradient is about
eightfold greater. Possibly this segment is less ac-
tive in transport from glomerular filtrate back to
plasma.
If local metabolism does not account for the low
glutamine gradient between proximal convoluted
tubule and plasma, it could be explained in two al-
ternative ways: 1) that the active uptake from the
glomerular filtrate occurs at the luminal surface
with only a very small antiluminal diffusion barrier,
or 2) that the active reabsorption step from filtrate
back to plasma takes place at the antiluminal sur-
face. Present data do not permit decision between
these two alternatives; the fact, however, that
glutamate and aspartate are actively reabsorbed
from the filtrate at the luminal surface 141 would, by
analogy, make the first alternative appear more
likely.
Glutamine synthesis and degradation. Large
'E rIL ralE ru
Fig. 5. Effect of a 4-mmolelkg glutamine (gin) load on glutamate in derenr segments
of the nephron. Each curve is the average for three animals SEM. For each segment,
4 to 20 samples were analyzed per animal. Control is 'ct" Other abbreviations are defined
in Fig. 1.
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loads of glutamate caused very large increases in
glutamine which were essentially limited to the
proximal straight tubule. This occurred in spite of
little or no increase in plasma glutamine. In con-
trast, glutamine itself given in large amount, with
much larger increases in plasma glutamine concen-
tration, produced far smaller changes in glutamine
in this segment. This suggests that glutamate may
be converted to glutamine in the proximal straight
tubule. An alternative possibility is that high con-
centrations of glutamate cause glutamine to be
trapped or block deamidation. If so, there is no sign
of such an effect in the proximal convoluted tu-
bules, where glutamate rises to even higher concen-
trations.
The possibility that this large accumulation of
glutamine in the proximal straight tubule is due to
synthesis is greatly strengthened by the finding that
glutamine synthetase is located almost exclusively
in this segment in the rat kidney (Burch, Choi,
McCarthy, Wong, Lowry, in preparation). Concen-
trations of 600 mmoles/kg (dry wt) per hour at 200 C
were found in both early and late proximal straight
segments, whereas concentrations were less than
3% as high elsewhere in the nephron.
Whereas glutamine synthesis may be most active
in the proximal straight tubule, glutamine degrada-
tion is probably nearly absent, since the activities of
Ps-dependent glutaminase are the lowest of any
nephron segment [3]. (The "P1-independent" glu-
taminase, which is quite active in this segment [3],
is actually a y-glutamyl transpeptidase [14, 15].) In
contrast to the straight segment, the proximal con-
voluted tubule normally has moderate P1-dependent
glutaminase activity, and it is the exclusive site of
the large (30-fold) increase in activity in acidosis [31.
Putting the present results together with these
earlier findings leads to the following suggestions
about renal glutamine reabsorption and metabo-
lism: a) the proximal convoluted tubule may be the
major site of reabsorption of filtered glutamine with
only a very small diffusion barrier at the basal sur-
face of the tubule cells, and b) the proximal straight
tubule may be the major site of glutamine synthesis
but one of the least important for glutamine break-
down. Such spatial segregation of these several
functions would have obvious advantages.
Acknowledgments
Preliminary data were published in a symposium
report in Renal Metabolism in Relation to Renal
Function, edited by ScHMIET U, DUBACH UC,
BERN, HANS HUBER, 1976, pp. 394-402. This work
was supported by Public Health Service Grants
HD-03891 and NS-05221 and by American Cancer
Society Grant P-78.
Reprint requests to Dr. H. B. Burch, Department of Pharma-
cology, Washington University School of Medicine, 660 5. Eu-
clid Ave., St. Louis, Missouri 63110, U.S.A.
References
1. COHEN JJ, KAMM DE: Renal metabolism: Relation to renal
function, in The Kidney, edited by BRENNER BM, RECTOR
FC, Philadelphia, W. B. Saunders, 1976, vol. 1, pp. 158—162
2. DAMIAN AC, PITTs RF: Rates of glutaminase I and gluta-
mine synthetase reactions in rat kidney in vivo. Am J
Physiol 218:1249—1255, 1970
3. CURTHOYS NP, LOWRY OH: The distribution of glutaminase
iosenzymes in the various structures of the nephron in nor-
mal, acidotic and alkalotic rat kidney. JBiol Chem 248:162—
168, 1973
4. CHAN AWK, BURCH HB, ALVEY TR, LOWRY OH: A quan-
titative histochemical approach to renal transport: I. Aspar-
tate and glutamate. Am J Physiol 229:1034—1044, 1975
5. OLIVER J: New directions in renal morphology: A method,
its results, and its future. Harvey Lectures 40:102—155; 1944—
1945
6. LOWRY OH, PASSONNEAU JV: A Flexible System of Enzy-
matic Analysis. New York, Academic Press, 1972, pp. 221—
259
7. MATSCHINSKY FM, PASSONNEAU JV, LOWRY OH: Quan-
titative histochemical analysis of glycolytic intermediates
and cofactors with an oil well technique. J Histochem Cyto-
chem 16:29—39, 1968
8. KATO T, BERGER SJ, CARTER JA, LOWRY OH: An enzymat-
ic cycling method for nicotinarnide-adenine dinucleotide
with malic and alcohol dehydrogenases. Anal Biochem
53:86—97, 1973
9. BREHE JE, CHAN AWK. ALVEY TR, BURCH HB: Effect of
methionine sulfoximine on glutathione and amino acid levels
in the nephron. Am JPhysiol 231:1536—1540, 1976
10. PILKINGTON LA, YOUNG TK, PITT5 RF: Properties of renal
luminal and antiluminal transport of plasma glutamine.
Nephron 7:51—60, 1970
11. SEGAL 5, THIER SO: Renal handling of amino acids, in
Handbook of Physiology, Section 8, Renal Physiology, edit-
ed by ORLOEF J, BERLINER RW, Washington, Am. Physiol.
Soc., 1973, pp. 653—676
12. GOLDSTEIN L: Regulation of renal glutamine deamination. in
Medical Clinics of North America, edited by BARUCH S.
Philadelphia, W. B. Saunders Co., 1975, vol. 59, pp. 665-680
13. SQUIRES EJ, HALL DE, BROSNAN JT: Arteriovenous dif-
ferences for amino acids and lactate across kidneys of nor-
mal and acidotic rats. Biochem J 160:125—128, 1976
14. CURTHOYS NP, KUHLENSCHMIDT T: Phosphate-independ-
ent glutaminase from rat kidney. J Biol Chem 250:2099—
2105, 1975
15. TATE SS, MEISTER A: Identity of maleate-stimulated glu-
taminase with y-glutamyl transpeptidase in rat kidney. JBiol
Chem 250:4619—4627, 1975
